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Abstract

The opening of a mining enterprise requires knowledge of the geomechanical 
characteristics of the mineral deposit, which will be worked according to the use of 
parameters of stability and/or resistance of the material, as well as the discontinuities 
present in the rock. In this study, the Rock Mass Rating methodology was used to pro-
pose a geomechanical model in a lead and zinc deposit hosted in the sedimentary rocks 
of Camaquã Basin, Brazil. A geological model was created using the analysis of 50 
drill holes with their geological descriptions, grouped into five lithological units, from 
base to top: rhythmite, lower sandstone, conglomerate, upper sandstone, and ore. The 
samples were regularized in composites of three meters in length, and then categorized 
into the five classes of the RMR system. Classes were estimated for each lithological 
unit using indicator kriging to obtain a model with the probability of each estimated 
block belonging to each RMR class, and thus the predominant class probabilities of 
each block. While it was possible to observe a predominance of class II (good rock) in 
the conglomerate, lower sandstone and ore, in the upper sandstone and rhythmite class 
III predominates (fair rock), and a few blocks were classified in class IV (poor rock) 
and V (very poor rock). Although the geomechanical model demonstrates the quality 
of the rock mass in general, being indispensable to more detailed studies, it is believed 
that the model allows greater safety in the classification of the rock mass and later use 
for slope stability and pit design.
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1. Introduction

1.1 Geomechanical classification systems

Mineral deposits are character-
ized by complexity, uncertainty and 
heterogeneity resulting from the complex 
geological processes that acted during 
its formation and evolution (Chen et al., 
2017). In the early stages of a mining 

project, sometimes even before proving 
the project pre-feasibility, it is necessary 
to make decisions, such as the mining 
method to be used for ore extraction. 
Drilling investigations and in situ tests in 
the exploratory phase provide important 

information from specific sampling sites. 
The spatial distribution of these data be-
comes a useful tool in the reproduction 
of the variability of ore grades, lithologies 
and geomechanics quality in order to assist 
the decision-making process.

There are several systems of geo-
mechanical rock mass classification 
(Barton et al., 1974; Bieniawski, 1973; 
Bieniawski, 1989; Wickham et al., 
1972), that use parameters of stability 
and/or resistance of the material, as well 
as rock discontinuities characteristics. 

The purpose of these classification 
methods is to group geotechnical ele-
ments into classes that present a similar 
behavior in order to assist future opera-
tional and design processes.

The Rock Mass Rating (Bien-
iawski, 1973; Bieniawski, 1989) is one of 

the most widely used systems to estimate 
the quality of rock masses in mining 
projects. Over the years, the method has 
been optimized for applications in differ-
ent areas and has undergone significant 
changes in the assessments assigned to 
different parameters (Bieniawski, 2011; 
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Geostatistics is a science that 
assumes that the values of regional-
ized variables are spatially correlated 
(Isaaks & Srivastava, 1989) and is 
widely used to obtain value estimates 
at non-sampled sites. The geostatistical 
techniques attempt to extract the struc-
tural characteristics of the regionalized 
phenomenon, that is, a correlation 
function that describes the direction 
in which the values of the variable are 
correlated (Huijbregts, 1975). Ordinary 

Kriging (Matheron, 1963) is the basic 
estimation method used, but it has sev-
eral other variations that may be better 
to use according to the mineral de-
posit characteristics, or the variable that 
needs to be estimated. Indicator Kriging 
(Journel, 1983) stands out among non-
linear methods, and its application is 
indicated for categorical variables such 
as the RMR classes. The focus of the IK 
method is the definition of areas with 
a greater or lesser probability that a 

given event will occur, rather than the 
estimation of the value of the variable, 
such as Simple and Ordinary Kriging 
(Oliveira, 2008).

The estimated model contributes 
to the knowledge of the spatial variation 
of the geomechanical characteristics, 
which can help, for example, to design 
the future slope dimensions according 
to the different local characteristics 
(Lana et al., 2010; Madani et al., 2018; 
Maninoni, 2003; Pereira et al., 2017).

The study area presents approxi-
mately 1300 meters in N-S direction 
and 400 meters in L-W direction lo-
cated in the southernmost portion of 
Rio Grande do Sul state, Brazil. The 
mineral deposit analyzed is inserted 

in sedimentary rocks of the Camaquã 
Basin and is constituted basically of 
medium to coarse sandstone, with oc-
currence of fine sandstone. The base of 
the sedimentary sequence of the study 
area includes rhythm and sandstone 

packages. At the top of the sequence, 
clast-supported polymictic conglom-
erates occur. Locally, these rocks are 
affected by hydrothermal alteration, 
with breccias in some points (Fabrício 
et al., 2017).

The database is consisted of 50 drill 
holes with lithological description of samples 

every 3 meters in length. The average spac-
ing between the holes is approximately 100 

m and the average depth is 240 m. The ar-
rangement of the holes is shown in Figure 1.

The first step was to perform the 
calculation of the RMR index for each 

sample of the database. The RMR index 
was calculated accordingly to the methodol-

ogy proposed by Bieniawski (1989), where 
tables with the weights assigned to the key 

Figure 1 - Location map of drill holes. For information confidentiality request, the coordinates of the area are not displayed in the map.

1.2 Estimation method

2. Case study

3. Materials and methods

3.1 Classification parameters

Celada et al., 2014). Since the project is 
still in pre-feasibility phase, with only 
drill hole database information; the 
version suggested by Bieniawski (1989) 
was used in the present study. The clas-

sification is based on the attribution of 
weights to the six key parameters that 
the author considered most important 
for the behavior of rock masses: (i) uni-
axial compressive strength of rocks; (ii) 

Rock Quality Designation;(iii) joint and 
bedding spacing; (iv) joint condition; (v) 
groundwater condition; and (vi) orienta-
tion of discontinuities with respect to the 
opening axis.
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3.1.2 Rock Quality Designation index (RQD)

3.1.3 Discontinuity characteristics

3.2 Geological model

3.3 RMR estimation

Another important parameter to be 
considered is the RQD, which is a measure 
of the quality of rock core taken from a 

borehole (Deere, 1964; Deere & Deere, 
1988) and presents the degree of jointing 
or fracture in a rock mass in percentage. 

It is defined as the sum of the lengths 
greater or equal to 10 cm of rock recovered 
divided by total core run length.

The discontinuity spacing pa-
rameter refers to the distance between 
adjacent discontinuities. In this study, 
the mean spacing between the disconti-
nuities was used, which was determined 
by dividing the total core run length 
by the number of discontinuities in the 
core run.

In the discontinuity condition analy-
sis, the discontinuity length (persistence), 
separation (aperture), roughness, infilling 

(gouge), and weathering are considered. In 
the RMR classification, there are two al-
ternatives for this parameter: one is used if 
it has more detail of these characteristics, 
and the other one is used if it has general 
characteristics about the condition of the 
discontinuities. In the present study, the 
second option was applied.

In the parameter of presence of 
water, all the holes received the score rela-
tive to the presence of “interstitial water” 

because either there is no large amount of 
water or it occurs in small proportions.

Since there was no more detailed in-
formation of the project, the discontinuity 
orientation parameter was considered as 
“very unfavourable” utilized for tunnels 
and mines.

After the determination of the 
parameters above, the RMR value for 
each analysed drilling hole interval was 
calculated for all the drill holes samples.

The geological modelling was 
performed in the Micromine® software, 
using the lithological description of 50 

drill holes, where five lithologic units 
were defined, from base to top: lower 
sandstone, rhythmite, conglomerate, 

upper sandstone, and ore (Figure 2).

Using regular size samples and 
their RMR values, five categorical vari-
ables were created in the database, each 
one corresponding to an RMR class, 
and then these classes were coded as 0 
or 1indicators, where 0 means that the 
sample does not belong to the class, and 
1 means that the sample belongs to it. The 
Indicator Kriging approach permits direct 

estimate of the uncertainty distribution 
of these categorical variables, where the 
expected value of the indicator variable is 
the stationary prior to the probability of 
the RMR class at an unsampled location 
(Huijbregts, 1975; Journel, 1983; Deutsch 
& Journel, 1998).

Variographic analysis of the indica-
tors was performed to identify the aniso-

tropic direction. For that, eighteen possible 
directions were tested, with a 10° variation 
between them. In this step all the samples 
were used, without division by lithology. 
Among the classes, there was identified a 
sub-horizontal preferential direction of 
10° (approximately N-S). The parameters 
used in the variography and estimation are 
summarized in Table 1.

With the imported database, the 
area was divided into sections with W-E 

directions, in which the outlines of each 
rock unit were delimited. The next step 

was the interpolation of the sections to 
create the 3D model.

Figure 2 - Profile view of the drilling holes and their lithology.

The rock material has the ca-
pacity to bear a load up to a certain 
limit, after which it loses resistance 
causing its rupture. The rupture value 
is the limit of the rock resistance and 
it is this value that is used as reference 

in geomechanical projects (Vallejo, 
2002). The determination of uniaxial 
compressive strength of intact rock 
limit was performed with the Point 
Load Test (Ulusay & Hudson, 1985). 
The method consists of compressing a 

rock sample between two conical tips 
of carbide, which cause the material 
to rupture. To perform the test, the 
methodology proposed by the Inter-
national Society for Rock Mechanics 
(ISRM) was used.

3.1.1 Uniaxial compressive strength of rocks

parameters of the rock are used: (i) uniaxial 
compressive strength of rocks; (ii) Rock 

Quality Designation; (iii) joint and bedding 
spacing; (iv) joint condition; (v) groundwater 

condition; and (vi) orientation of disconti-
nuities with respect to the opening axis.
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Table 1 - Parameters used in the variogram, variographic model and during kriging.

VARIOGRAM PARAMETERS MODEL PARAMETERS KRIGING PARAMETERS

Number of lags 40 Structures 1 Max range 120

Lag separation 25 Nugget effect 0.1 Medium range 60

Lag tolerance 12.5 Contribution 10.15 Min range 30

Bandwidth 12.5 Sill 0.25 Azimuth 10º

Angular tolerance 10º Variographic model Exponential Dip 0º

A grid with 25 x 25 x 3 m cells 
was created, and classes were esti-
mated for each lithological unit using 
a minimum of 3 and a maximum of 
12 data for each estimated value. It is 
worth noting that for the estimation, 

only data from the same lithology were 
used; for example, within the conglom-
erate lithology, only the Classes I, II, 
III, IV and V samples that belong to 
the conglomerate were estimated. As 
a result, each estimated block had a 

value between 0 and 1, which corre-
sponds to the probability of belonging 
to the given class. In the next step, the 
geomechanical model was constructed 
with the highest probability class of 
each block (Figure 3).

Figure 3 - Section of the geomechanical model with the probability in percentage 
of each block belong to one of the classes: (a) zero probability of belonging to Class I; (b) probability between 0 and 1 of belonging 

to class II; (c) probability between 0 and 1 of belonging to Class III; (d) probability between 0 and 1 of belonging to Class IV; (e) 
probability between 0 and 1 of belonging to Class V; (f) estimated final class resulting from the class most likely to occur in each block.

4. Results and discussion

4.1 Geomechanical model
Figure 4 shows the estimated 

model where a comparative analysis of 
the distribution of classes by lithology 
allowed to observe that a predomi-
nance of rock mass Class II occurs in 
the lower sandstone and in the ore. In 
the rhythmite, conglomerate and upper 
sandstone, the predominance of rock 
mass Class III occurs. Also, Classes IV 

and V (lower RMR values, poor and ex-
tremely poor rock mass) are preferably 
located in the more superficial portions 
of the holes, and consequently, the esti-
mated blocks have the same tendency. 
This behaviour can be explained by the 
intemperate action, which interferes in 
the quality of the rock mass. However, 
other variables, such as sandstone com-

position (detrital and diagenetic) and 
textured aspects (granulometry and 
sedimentary structures) may consider-
ably interfere in rock resistance. No 
block was classified as Class I (very 
good rock mass). Because the quality 
of the rocks is not particularly good, 
the importance of the block model for 
the safety slope dimensioning is evident.

(a)

(f)

(d)

(b)

(c)

(e)
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Figure 4 - Final 3D geomechanical model, with the distribution of the estimated RMR classes.

Figure 5 - Sections of the 3D block model and drill holes showing the visual validation performed. 
For example, it is possible to observe the blocks that present RMR Class II and III were defined due to the presence of samples with Class II and III.

Figure 6 - Percentage of samples in each class by lithology.

4.2 Model validation
In order to verify if the estimated 

models were satisfactory, showing 
coherence with reality, some methods 
were used to validate the results. First, 
visual validation was performed, com-
paring the estimated blocks with the 
neighbourhood samples (Figure 5). 

As there was predominance of Class 
III in the geomechanical model, the 
visual validation was focused on this 
class. Figure 5 shows the drill holes 
and estimated blocks with their respec-
tive ranges and RMR values. Note 
that the blocks that were estimated as 

Class III are close to the samples with 
RMR values between 60 and 41 that 
is, the Class III RMR interval, which 
is expected because of the greater 
importance these samples will have 
during the estimation of the blocks of 
that region.

The second validation method 
used was the comparison of the pro-

portion of classes in the samples and 
in the estimated blocks. Two graphics 

were utilized (Figures 6 and 7), one 
containing the percentage of blocks 

(a) (b)
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5. Conclusions
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pit design. Although the geomechani-
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